In this paper, we evaluate the difference between the first and second measurements of blood pressure (BP) when BP is measured twice using the results of 17,775 medical checkups. The two measurements for both systolic BP (SBP) and the diastolic BP (DBP) fluctuated a large amount even though they were measured at a short interval. The first measurements were 6.7 and 2.4 mmHg higher than the second ones for SBP and DBP, suggesting a white coat effect. Then, the factors that might affect the differences between the two measurements were analyzed by the regression models. For both SBP and DBP, the difference increased as the first measurement increased. Age, gender, BMI and alcohol consumption were other important factors affecting the difference. In the case of a typical male individual, the typical criteria for hypertension of 140/90, 160/100 and 180/110 mmHg criteria in the first measurement would correspond to 135/86, 150/94 and 165/102 mmHg in the second measurement. The necessity of developing accurate and cost-efficient BP measurement methods is strongly suggested.
Introduction
As the World Health Organization (WHO) [1] has pointed out, high blood pressure (BP) or hypertension is one of the most important health factors overall and is an important risk factor of cardiovascular diseases [2] [3] [4] [5] . Therefore, it is very important that the BP will be correctly measured. Manual office BP (MOBP) is usually used to measure BP [6] , but there are questions about its reliability. One well-known problem is white coat hypertension (WCH) or white coat effects (WCE), in which the BP of an individual becomes higher than his/her normal level when BP is measured at an office, hospital or clinic, due to the stressfulness of the measurement. The other problem is measurement error; measuring BP should be done carefully by proper procedures [7] . Omiboni et al. [8] measured the BP in 14,143 patients from 27 countries. They found that 24-hour ambulatory BP monitoring (24-h ABPM) was significantly lower than office BP for both systolic BP (SBP) and diastolic BP (DBP). Although 140/70 mmHg for MOBP and 130/80 mmHg for 24-h ABPM criteria were used for hypertension, they also discovered that i) the prevalence of MOBP hypertension was higher than that of ABPM, and ii) WCH was more common than masked hypertension (elevated 24-h ABPM and normal office BP). Almedia et al. [9] reported the BP of 175 normotensives (NT), 316 WCH and 691 sustained hypertensives (SHT) by various measurement methods. The mean values of office BP (mmHg) were: SBP 125 and DBP 79 for NT; SBP 146 and DBP 91 for WCH; and SBP 143 and DBP 87 for SHT. However, the means of 24-h AMBP (mmHg) were SBP 119 and DBP 71 for NT; SBP 120 and DBP 73 for WCH; and SBP 120 and DBP 72 for SHT. There were large differences among subsequent measurements of office BP but very little difference among 24-h AOBP; however, Bastos [10] suggested that further studies were necessary to confirm their results. Cheng et al. [11] reported that central aortic was better than manual BP in predicting cardiovascular outcomes. Although other BP measurements such as 24-h ABPM may be better predictors of cardiovascular events than conventional office BP measurement [12] [13] [14] , these methods can be costly to implement. Wohlfahrt et al. [15] recommended automated office BP (AOBP). They measured 2145 patients and found that manual SBP and DBP measurements were higher than those of AOBP. They concluded that "AOBP of 131/85 mmHg corresponds to the manual BP of 140/90 mmHg". Another alternative is home BP monitoring. Arrieta et al. [16] concluded that the returns on a one-dollar investment in this technology would be from $7.50 to $19.34 in the long run. Moran et al. [17] studied the cost-effectiveness of hypertension therapy and concluded that controlling hypertension could be effective and cost-saving except for in women aged 35 -44 with stage 1 hypertension and no cardiovascular disease [18] . However, the factors of individuals that may affect WCE were not analyzed in these studies.
The other important issue is whether WCH really affects health conditions or not and there have been intense debates about the prognostic significance of WCH compared with NT and SHT [9] [19] . Some studies have reported that patients with WCH had less damage to target organs than those with SHT [20] [21] [22] [23] [24], while no difference was found between WCH and NT patients [25] . But others suggested that WCH is a risk factor [26] [27] . More recently, Franklin et al. [28] compared 653 subjects with WCH and 653 NT subjects by an age-and cohort-matching study. They concluded that the WCE is related to age, not cardiovascular disease risk in most subjects. (For comments on their study, see Mancia and Grassi [29] .) Manios et al. [30] surveyed a total of 1382 patients. They measured BP and common carotid intima-media thickness (CCA-IMT) and found that patients with isolated systolic/diastolic WCH had an intermediate risk between NT and SHT in terms of CCA-IMT.
Clearly, it is necessary to measure BP accurately to treat hypertension properly. However, BP measurement methods, such as 24-h ABPM, are expensive, and it is currently unrealistic to apply them to many individuals including normal and healthy ones. We still must largely depend on conventional MOBP measurements, and thus we must know the reliability of the measured values.
In Japan, most workers 40 or older are required to have medical checkups, including BP measurements, once a year by the Industrial Safety and Health Act [31] . Nawata et al. [32] evaluated the distributions of BP and the factors affecting BP using a dataset obtained from one health insurance society. They found that the factors affecting BP were age, gender, certain eating habits, daily activities, smoking, drinking alcohol, sleeping and wages. However, the WCE and fluctuations of measurements were not considered in their study. For some individuals, BP was measured twice in a single medical checkup within a short (usually less than 30-minute) interval.
In this study, we analyzed differences between two subsequent BP measurements using the results of 17,775 medical checkups (hereafter, checkups) at which two BP measurements were performed. First, we evaluated the distributions of differences in the two measurements. Then, the factors affecting the differences were analyzed using regression models.
Data and Distributions of Differences between the Two Measurements
The data used in this study were obtained from one health insurance association formed by one large Japanese corporation. The dataset includes 113,979 checkups of 48,022 individuals collected from April, 2013 to March, 2016, for details, see Nawata et al. [32] . Among these checkups, BP was measured twice for both SBP and DBP in 17,775 checkups (15.6% of all checkups). According to the rules and guidelines of the Ministry of Health, Labour and Welfare [33] , hospitals and clinics practicing checkups may choose to measure BP once or twice in a single check-up. These measurements give us important information about WCE and the fluctuations of BP. It is reasonable to assume that the stress caused by measurement is reduced in the second measurement because of the experience of the first measurement. This implies that, if WCE exists, a systematic bias would appear and the first measurement would be larger than the second one. Hence, we formed the hypothesis that the difference between the first and second measurements (= first-second; hereafter, "difference") would be positive on average. If the difference is solely caused by measurement errors, however, the expected value would be zero. Note that we call a systematic bias in the two measurements the WCE and the other part of the difference (= difference − bias) the "measurement error". The measurement error is caused by an improper measuring procedure and a random fluctuation of BP over time with a mean of zero. Figure 1 shows the distribution of the first and second measurements of SBP, and Figure 2 shows the differences. The distribution is skewed toward the right.
The first part of Table 1 is the summary. The ages of the individuals ranged from 39 to 74 years with mean 50.9 and standard deviation (SD) 7.4, and 14.7% were female. The first and second measurements and their difference were 141.1 ± 18.9, 134.5 ± 17.1 and 6.7 ± 9.9 mmHg, respectively (mean ± SD). The relative bias (= mean of differences/mean of the first measurements) is 4.7%. For the differences, 73.7% were positive, 21.6% were negative and 4.7% were unchanged. The t-value is 90.4 and the null hypothesis that the mean of the differences is zero is rejected by a reasonable level of significance. Moreover, 35.8% of the differences were 10 mmHg or greater while only 3.5% were −10 mmHg or less. In other words, our result supports the existence of WCE for SBP even if measurements were performed in a very short interval. Moreover, SD of the difference is almost 10 mmHg. This means that BP fluctuates a great deal for many individuals even within a short period. Figure 3 and Figure 4 show distributions of the first and second measurements and their difference for DBP. The summary is given in the latter part of Table 1 . The first and second measurements and their difference were 89.4 ± 12.6, 84.5 ± 11.8 and 2.4 ± 5.9 mmHg, respectively. Among the observations, 63.4% were positive, 27.6% were negative and 9.1% were unchanged. The t-value is 55.4 and the null hypothesis that the mean of the differences is zero is rejected by a reasonable level of significance, as in the case of SBP. However, the relative bias was 2.4%, which is about half that of the SBP case, and 32.3% of the differences were 5 mmHg or more while only 8.6% were −5 mmHg or less. This suggests that the WCE of DBP is weaker than that of SBP.
Factors Affecting the Difference
The analysis of the previous section suggests the existence of WCE. In this section, factors affecting the differences are analyzed by regression models for both SBP and DBP. Figure 5 shows the relation of the first measurement and difference. There is a clear trend such that the difference is larger in patients with higher first measurements, with a correlation coefficient of 0.439. Therefore, we first evaluated the gross relation of the first measurement and difference by a regression model.
Difference of SBP
Model 1A: 
The explanatory variables other than First_SBP are the same as those used by Nawata et al. [32] The result of estimation is given in Table 2 . As the previous model, the estimate of First_SBP is highly significant and t-value is 52.16. The estimated value is 0.235 which is very close to that of Model 1A (0.224). This means that a similar relation holds for these variables even if the various factors of individuals are considered. The estimates of Age, BMI, Alcofol_freq and Alcohol_amount are negative significant at the 1% (Age and BMI) and 5% (Alcofol_freq and Alcohol_amount). These variables make the difference smaller. One the other hand, the estimates of Female and Daily_activity are positive and significant at the 1% level and these variables make the difference larger. Other variables were not significant at the 5% level. Figure 6 is a graph of residuals calculated from Model 1B. The distribution is almost symmetric and systematic skewness was eliminated in this model. 
Difference of DBP
The explanatory variables other than First_DBP were the same as in the case of SBP (Model 1B). The result of estimation is given in Table 3 . The estimate of Figure 8 is the relationship between the first measurement and mean of difference of SDP for male, age 50 and values of other variables are obtained means for non-dummy variables and medians for dummy variables using the estimated results of Model 1B. This individual is considered a typical individual in our dataset. The first measurement becomes larger than the second one if the first measurement is over 116.4 mmHg. When the first measurements are 140, 160 and 180 mmHg, the second measurements are, on average, 134. result suggests that BP is affected by mental conditions such as stress, and sometimes, fluctuates a large amount even in a short period. Hence, the BP measurement should be done carefully, considering the influence of mental condition. The same phenomenon occurs for DBP; the second measurement is lower than the first one if the first measurement is over 66.7 mmHg. When the first DBP measurement is 90, 100 or 110 mmHg (corresponding to grade 1, 2 and 3 of the WHO/ISH DBP criteria for DBP), the second one becomes 85.9, 94.1 or 102.4 mmHg, respectively. The standard error of Model 2B is 5.4 mmHg.
Discussion
These findings suggest the possibility of not only the existence of large biases (i.e. WCE) but also a large difference between the two measurements even after the characteristics of individuals are corrected for. In other words, one-time measurement may not be very much reliable, so that the results of previous studies may need to be revised [4] [5] . Measuring BP twice even in a short period Figure 8 . The mean of difference and the first measurement (SBP). might improve problems in BP measurement: i.e., both WCE and measurement error.
In Japan, when BP is measured twice, hospitals and clinics can report the value which they think is most proper, such as an average of two measurements, as "another value" [33] ; in our dataset, 94% of reported values were averages and 6% were the minimum of the two measurements. However, the results of this study imply that neither average nor minimum values may be proper. Although it becomes smaller, the bias due to WCE remains if the mean is used. If the minimum is used (usually the second measurement), the basic statistical theorem suggests that the variance due to the measurement error becomes larger than the average case. Alternative methods include i) correcting the first measurement by Models 1B and 2B and ii) taking an average of the corrected first measurement and second measurement.
There is no doubt that accurate and cost-effective BP measurement is essential for determining the existence and severity of hypertension. As we described in this paper, a single measurement has a reliability problem due to WCE and measurement errors. However, more accurate measurements, such as 24-h AOBP, are costly and difficult to perform, especially when collecting data from many individuals. Therefore, further studies are necessary to find ways to measure BP more accurately and cost-effectively. Methods using internet technology and the development of proper devices could provide solutions to this problem.
Conclusions
In this paper, we evaluated the difference between the first and second measurements of BP when BP was measured twice, using the results of 17,775 checkups.
The two consecutive measurements showed large fluctuations even though they were measured at short intervals (usually within 30 minutes) for both SBP and DBP. The first measurements were 6.7 and 2.4 mmHg higher than the second ones for SBP and DBP, and the existence of a white coat effect was strongly suggested. Then, the factors that might have affected the difference between the two measurements were analyzed by regression models. For both SBP and DBP, the differences between the first and second measurements increased as the first mea- We just evaluated the checkups in which BP was measured twice, and a sample selection bias might exist. The inspection interval between two BP measurements might affect the difference. However, exact lengths of intervals were not reported. Having an accurate and cost-effective BP measurement method is essential for diagnosing and treating hypertension. For this purpose, the use of internet technology and development of proper devices may be important. These are subjects to be studied in future.
